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Abstract-We have investigated the structures of U (VI) complexes as uranyl moieties sorbed onto a 
reference montrnonllonite, SAz- I ,  using X-ray absorption fine structure spectroscopv (XAFS) The uranyl- 
loaded clays were prepared from aqueous soluuons of  uranvl nitrate in the pH range from 3 0 to 3 5 
The U concentrations on the clav ranged from 1 7 to 34 6% of the reported cation exchange capacitv 
(CEC = 1 1 meq/g)-of the clav For all samples, XAFS results indicate that there are two axial oxygen 
atoms at I 78- 1 80 A, as expected for the uranvl moietv The average numbers and distances of equatonal 
oxvgen atoms about uranyl sorbed on the clay vary significantlv as a function of surface coverage At 
high coverage (34 6% CEC), the average number and distance of equatonal oxygen atoms are near those 
found for the fuilv hydrated uranyl species in aqueous solution However there are fewer equatonal 
ox\gen atoms at a shoneraverage distance about uranvl sorbed at low coverage ( I  7% CEC) At moderate 
coverage (7 3% CEC), the aberage number and distance ot equatonal oxygen atoms are intermediate 
between those at higher and lower coverage These changes suggest that sorbing U is reacting wth at least 
three different sites on the clay as U concentration increases The existence of  multiple surtace sites and 
sorption complexes which are structurallv disunct from solution species need to be considered tor ngorous 
modeling of sorption processes 

INTRODUCTlON 

C o m A h i i w \ T  RELEASES that contain U are among the most 
senous problems that must be contronted bv environmental 
restoration programs Plumes associated with mill tailings 
operations often have elevated levels of  U and toxic metals 
wth pore fluid pH values of 2-3 (MERRITT 197 I ) Uranium 
is also a pnncipal metal contaminant in soils at Department 
of Energv weapon processing plants (RILEY and ZACHARA 
1992) Under oxidizing conditions dissolved U is predomi- 
nr in the U(V1) (uranyl) form (WEIGEL, 1986) and is 
qt.iLe mobile in the environment Recent studies have sug- 
ge5ted that sorption of uranium onto oxides (JAFFREZIC-RE- 
NAULT et a1 1980 YAMASHITA et a1 1980 MAYA 1982 
TRIPATHI 1984 Ho and DOERN 1985, HO and MILLER 
1985.1986) and clay minerals (B~ROVEC 1981, TSUVASHIMA 
et a1 , 198 1 AMES et al , I982 1983) may decrease U mobility 
in the environment 

In an effort to predict U mobility, previous studies have 
Promsed reactions governing sorption processes, based on 
u’ e measurements electrophoretic mobility, thermody- 
 PILL calculations spectroscopic data and properties of the 
solid The sorption complex has been suggested to form from 
a simple reaction between the solid surface and the predom- 
inant solution species For example, U sorption onto oxides 
1s greatest at near-neutral pH values, and, in the absence of 
COZ, (U0,)3(OH); has been proposed as the sorbing spenes 
(HO and DOERV, 1985, Ho and MILLER, 1985) Ha and 
LANGMUIR (1985) modeled the uptake of U by Fe oxides 
and h\drortides using two solution species, they proposed 

that UO:(OH)’ forms a monodentate sorption complex and 
(U02),(OH); forms most probabh a bidentate sorption 
complex In contrast TRIP4THI ( 1984) successfull\ modeled 
uranbl sorption onto goethite assuming that the anionic spe- 
cies. UO (OH); sorbs For carbonate-nch waters the anionic 
carbonato (DAVIES et al 1964) or hemicarbonato (HO and 
MILLER 1986) uranvl species is often thought responsible 
for U uptake YAMASHITA et a1 (1980) proposed that two 
anionic species UO2(OH)Y and UO2(C0& sorbed to hv- 
drous titania however thev concluded that the same surface 
comple-i forms from sorption of both species 

Rarelv is the stoichiornetrv of  the sorption complex de- 
termined directly Several studies conducted in carbonate- 

HO and MILLER, 1986) have attempted to measure the car- 
bonate-content of the sorbent or solution These authors 
concluded that the sorbing carbonate complex does not re- 
main intact on the solid however these studies do not agree 
on the stoichiometry of the sorption complex 

Defining the reaction stoichiometry implicitlv involves 
identifting the reacting surface site Uranium stronglv adsorbs 
to man\ oxide surfaces (MAYA 1982 Ho and DOERN 1985), 
presumablv bonding directly to the amphotenc sites in a 

chemical bond On clavs two broad classes of sites have 
been identified crystallographicallv external amphotenc 
( edge ) sites whose properties are pH dependent and fixed- 
charge ( exchange’) basal plane sites whose reactivity is 
thought to be independent of pH By analogy to results on 
oxides the U may sorb to the amphotenc sites on the surfaces 
of clavs as a function of pH For clays the external surfaces 
contain coordinatively unsaturated edge sites, corresponding 
to nonbndgng sites on oxide surfaces these unsaturated edge 
sites 3re thought to be much more reactive than saturated 
sites (SPOSITO, 1984) Because oxygen atoms on the basal 
planes of  2 1 clays (I e the siloxane surfaces ) are fully 

nch wdters (DAVIES et a1 1964 YAMASHITA et d 1980, 
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saturated they are not thought to protonate and deprotonate 
like amphotenc surface sites (SPos170, 1984) In contrast to 
the properties of the amphotenc sites, where specific chemical 
bonds may form, sorption to the extenor siloxane surfaces 
and exchange processes wth interlaver cations are governed 
by electrostatm The dominance of electrostatics, in one case 
vs chemisorption, in the other may result in distinct sorption 
complexes at these different stes 

Several studies have attempted to identifv and differentiate 
these different sites and sorption mechanisms for uranvl spe- 
cles by chemical and/or spectroscopic means TSUNASHIMA 
et al ( I  98 1 ) and A M s  et al (1 982) argue that uranyl exchange 
wth interlayer cations is the predominant sorption mecha- 
nsm on smectites TSU~ASHIMA et al ( I98 I ) report that @' 
release from the interlaver is similar to the U uptake bv the 
clay. and infer that the interlaver cation was displaced by U 
TsuNAsHm.iA et a1 (1981) also argue that the linear uranvl 
moietv is onented parallel to the basal plane of  the clav based 
on the collapse of the interlaver spacing upon heating of ura- 
nyl-loaded montrnonllonite AMES et a1 ( I  982) calculate an 
enthalp\ of  sorption (from the temperature dependence of 
U uptake) which is consistent with exchange reactions and 
not specific sorption SUB and CARRAW (1985) argue that 
the two or three distinct luminescence lifetimes observed for 
uranvl-loaded clavs are evidence for multiple sorption sites 
DENT el a1 (1992) argue that the XAFS spectra of uraml 
sorbed to montmonllonne at moderate coverage is consistent 
with exchange of a uranvl carbonato complex into the inter- 
laver However Z A C H ~ R ~  and MCKINLEI (1993) have suc- 
cessfull\ modeled uran\l sorption onto two different smectites 
as a combination of adsorption to two distinct amphotenc 
edge sites and exchange into the interlaver Recentlv, MORRIS 
et a1 (1994) decon\ol\ed the composite emission spectra for 
uranvl sorbed onto montrnonllonite into distinct spectral 
signatures where the number and ratios o f  these signatures 
are a function of uranil coserage The\ conclude that this is 
evidence for at least four different surface complexes How- 
ever the structures of the different complexes and surface 
sites were not discerned from these optical spectroscopic 
methods 

The present stud! was undenaken to invemgate the nature 
of  UWI) sorbed on cla\ from aqueous solution and specif- 
ically to discern changes in the uranyl sorption complex as 
a function of surface coverage X-ray absorption fine-structure 
(XAFS) spectroscopi provldes explicit information about the 
local coordination sphere which may prove helpful i n  char- 
actenzing the uran\l sorption complex(es) To this end we 
have used XAFS spectroscopt to probe the structure of ura- 
nium sorbed on cia\ over a twentvfold range in coverage 

EXPERIMENTAL 

Materials 

Uranium (VI) solutions were prepared b\ dissolution of recn's 
tallized U0,(N03)2 6H20  (obtained from the Nuclear Matenal 
Technolog\ Division of Los Alamos National Laboraton) in deion 
ized water The initial pH of the U solutions used in the sorption 
expenments was adjusted to pH = 3 0-3 5 with HNO? or Ca(OH)I 
solutions prepared from ACS reagent-grade chemicals The mont- 
monllonite used in this stud\ was SAz 1 a reference smectite clav 
obtained from the Mtssoun Cla) Source Repositor) SAz-I has Ca2' 
as the dominant exchangeable cation and a cation exchange capacitv 
(CEC) of I 2 meq/g (VAN OLPHEh and FRIPIAT 1979 AMES et al 
1983) 

Uranvl loaded cia\ samples were prepared b) mixing SAz I (= 50 
g/L) w t h  uran\l solutions ofdifferent con~entrations (0 5 1-46 6 mM' 
in pohethvlene centnfuge tubes under ambient conditions (Tab1 
1) The clai suspensions were mixed for 20-48 h The suspension 
were then centrifuged the supernatant removed and the solid nnsed 
several times with distilled deionized water The uranvl loaded cla\s 
were air-dned and i ight l~ ground before being loaded into 2mm 
thick AI cells uith mvlar uindows for XAFS data collection Final 
pH Has measured for the supernatant in parallel expenments and 
vaned from pH 2 3 4 (highest coverage) to pH = 5 6 (louest co\ 
erage) branium contents of the dned cia\ samples (Table 1) were 
determined using a kinetic phosphorescence anahzer (Chemchek 
Instruments Inc ) 

In addition to the cia\ samples XAFS data were collected for a 
50 mM aqueous uraml solution The aqueous solution was prepare 
asabole  \\ith pH adjusted to 2 0 with H N 0 3  at this pH and wan\  
concentrarion the dominant solution species (>99%) is full! aquatea 
UO" (GRE\THE 1991) The solution uas  slnnged into an AI sample 
holder w i t h  m\lar windows for XAFS data collection 

\AFS Data 4cqursition and Reduction 

Spectra Here obtained on beamline X8C at the hationat S\nchro- 
iron Lighi Source under dedicated operating conditions C 5 GeV 
electron enerp 110-220 mA stored current) SI [220] monochro 
mator cnstalq were used detuned to remo\e harmonics tn rotame 
the second cnstal around the B axis to lower the beam intensit\ 
=30-5Or< of its maximum Measurements were performed in 11 
transmission mode Two to founeen individual scans ofeach sample 
uere collected and subsequenth averaged dunng the data reduction 
process 

Calibrations of the U LIIr-edge were obtained simultaneousl\ uith 
the sample spectra or between samples h\ measunng the fluorescence 
from a slug of U O Q ~ ~  oo- allo\ placed behind the second ion chamber 
the calibration standard and fluorescence deiector uere positioned 
relatne to the second ion chamber such that fluorescence from the 
standard would not interfere with the sample signal The energ\ of 
the inflection point of the first feature in the spectrum of this standard 
was defined as 17167 eV the ionization threshold Eo was set - *  
17185 e\' from which values were determined according 1 
I = 1(21?7/h~)(€-€,)]' '* The edge was normalized b\ fitting pol\ 
nomials through the pre-edge and XAFS regions and making the 
difference between the extrapolations of these pol\nomials unit\ at 

A three segment polvnomial spline was fit to the region bevond 
the edge the difference between the data and this spline divided b\ 

TABLE I Uranyl-loaded clay samples 

S a d  IUIinn PHinrt lu)tot/[sol~dltot % uptake PHfrnar % CECb 
(mrovg) (M) (mow 
0 208 46 6 3 0  9814e-04 21 2 34C 3460 
0044 4 9 0  3 5  9704e 05 4 5 3  4 4  7 33 
0 0103 0506 3 0  9090e-06 1044 56C 1 7 2  

Sam name refers 10 the sorption densrty emrebsed as mmles U sorbed per 
gram dry weight of d a y  

b SDrption denslly as % CEC assuming CEC = 1 2 mS/g 
C Esbmted from p~ masurements for parallel expenmnts 
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the fall-off~n the atomic absorption is the XAFS Two cntena used 
todetermine the best spline were ( I )  that it minimized theamplitude 
ofthe Founer transform modulus below R = 1 A, and (2) that it did 
x) Mthout changrng the amplitudes of features at higher R (corn- 

ding to anual components of the local structure) relative to 
c. with fewer degrees of  freedom, i e that the background was 

not overdetermined 
structural pvameters for the fint-coodnatron shells were obtsuned 

by cuwe-fio uung empincal phase parameters denved from XAFS 
specva o f  several solid uranyl compounds with known crvstalline 
dlua~res and empincal amplitude parameters denved from the 
spearurn for the aqueous uranyl solution *The /&weighted raw data 
urCn fint fit over the range k =S 2 2-1 I 5 A-', the contributions of 
t1.e axial and quatonal oxvgens were each fit with a single shell, 
flattng the uranium-oxvgen (U-0) distance (R), the number of ox- 
vgen atoms (Iv) and the Debye-Waller factor (0) for each shell The 
structural parameters (R h and a) for the axial oxvgen shell were 

I? ,,rmation on atoms in the equatonal plane were extracted bv a 
involved procedure First the XAFS from the axial oxvgens 

according to the first fit descnbed above was subtracted from the 
raw data Becaw the XAFS is a sum of contnbunons from individual 
dells the midual contains the XAFS from the neamt neighbors 
other than the subtracted uranyl oxygen contnbution this residual 
was Founer transformed over the range k = 2 ,-8 > 4-' (using the 
closest nods  as end points) and then bdck-transformed over the 
range R ET I 1-2 5 A to obtain the Fourier-filtered XAFS spectrum 
due to onlv the quatonal oxvgens This spectrum was subsequently 
curve-fit over the range k r 3-8 A-' with a sinde U-0 Nave floating 
R \ and u for that shell Because of the limited data range the 
n L  &r of atoms for this shell is reponed as the integral of the overall 
amplitude N I dl, exp(-ZA2d) relative to the aqueous solution 
Reductions in the amplitudt mav therefore onlynate from either a 
reductton in N and/or an increase in u for this shell The thermal 
contnbution to u will be Gaussian and increase with increasing R 
but will not change significantlv over the nnge of bond lengths ob- 
served here However static disorder mav produce a non-Gaussian 
dimbution of U-0 bond lengths which will result in the phase not 
being well-fit by a single shell of equatonal oxvgen atoms Therefore 
the lack of a good fit of the phase bv a single shell of  equatonal 
oxygen atoms is diagnostic that static disordercontnbutes to a decrease 
in t k  amplitude - errors in the structural information tvpicallv determined by 
cur\ e fits of XAFS data are associated with (1) the qualitv of the data 
in t m s  of the ugnal-to-nolsc ratio and the success of the bachground 
removal process (2) the degree of the chemical (structural) corn- 
swndence between the actual system and the model compounds 
used to denve the parameten defining the XAFS Ithe amplitude 
mean free path radial distnbution function (Debve-Waller terms for 
harmonic distnbutions) and change in the ionization threshold 
(&)I and (3) the dificultv in uniquelv determining those parameters 
that are comlated with one another 

Assuming good data qualitv the accuracv of XAFS is customanly 
U k n  as 2 0 01-0 03 A in the absorber-neighbor distances 2 15- 
2 n the numbers of neighbor atoms in a shell and 2 2-5 in the 
111 ncation of the atomic numbers of the neighbor atoms These 
errors nse from the fact that although X-rav absorption is to first 

d from this fit 

'Studies of the coordination about aqueous uranvl have concluded 
that there are either five (EVANS, 1963 ABERG et al 1983) or a x  
(VDOVENKO, 1960 SHCHERBAKOV and SHCHERBAKOVA 1976) 
quatonal oxygen atoms Companson of the amplitude of the XAFS 
for aqueous uranyl with the XAFS for an organic solwon of uranyl 
nArJte in 2W tnbutyl phosphate/dodecane (C J Chisholm-Brause 

lbl data), which IS kpown to have six equatonal oxygen bonds 
( ILU and NAVRAT~L 1984) suggests that there are at l e s t  six 
WJional  oxygen atoms about uranvl in the pH = 2 0 05 M aqueous 
UOdNO,X solution 

'The data range was limited as a result ofan instrumental artifact 
that producd a medium-fkquency glitch This ginch interferedwtth 
the higher frequency lower amplitude signal from the equatonal 
atoms at k > -8 A-i 

order an atomic propelfv certain parameten (e g the Debve Waller 
factor shifi in the ionization threshold and loss terms) are nevertheless 
mcdihed b\ the chemical attnbutes of the absorber Thus parameters 
denved from model compounds mav not be identical to those of the 
unknown compound for which the parameters are used to fit the 
data It is clear however that the errors ansing from the degree of 
the correspondence between model and unknown svstems are sys 
tematic rather than random Therefore thev can be substantially 
minimized bv standardization using the XAFS of compounds of 
known sIruaure closelv related to the svstem being determined Such 
standardization also wdl diminish parameter correlation errors w%h 
ongnate from the fact that cenain sets of parameters (e g the Debve- 
Waller factor and the number of  atoms the shift in the ionization 
threshold and the absorber neighbor distance) although possessing 
different functional forms exen similar effects on the XAFS The 
effects of parameter correlation become more important as the data 
range is diminished This problem is ameliorated bv fixing the values 
of  cemin parameters via the same standardization procedure used 
IO set the phase shift and amplitude 

In companng the XAFSdenved structures of related svstems where 
the XAFS parameters should be verv similar or identical ( I  e the 
correspondence IS quite high) a difference is essentiallv as significant 
as the data qualit\ Thus the precision (as opposed to the accuracv) 
of an X 4 F S  measurement can be sufficient to track easilv a change 
from one chemical species to another For example we have observed 
changes in  the Cu-0 bonds in doped La7Cu04 of  0 02 A in exact 
agreement uith diffraction results (S D Conradson unpubl exper- 
imental results1 and habe followed the substitution of  H20 bv 
UO: in Pu(IL)  comple\es b\ traching the second and third shell 
amplitudes Kith 3 precision of  ca 0 2 atoms out of four (VIERS et 
a1 1992) ?gun using the fact that the strucrural parameters are 
demed from the lull range ofthe data (albeit with increasing sensitivity 
3s the nnge increases) our elpenence is that compansons utilizing 
the qualities 01 the fits and the differences between the hts can validate 
differences of < 0 01 A in relaiibe distance and < >-IO% in  relative 
numbers ot atoms in chemicallv similar svstems A n  additional re 
quiremenr to zzain this le\el of  precision is that the data being com- 
pared must be anahzed o w  the same range and In the same manner 
This is to avoid hachground subtraction Founer filtenng and fitting 
parameter anitacts since these operations are all dependent on the 
range ot ihe data to which thev are applied 

RESLLTS 

T h e  edge regon of an XAFS spectrum can be very Sensiflve 
to subtle changes in  the electronic and molecular structure 
of the central atom Thus although interpretation of its fea- 
tures mav be difficult the edge is nevertheless a useful di- 
agnostic for changes in the absorber environment T h e  U 
Liii-edge spectra of the four samples under discussion, 50 
m M  aqueous UO' solution a t  p H  = 2 0  and aqueous 
UO;' sorbed on SAz- 1 montrnonllonite at 0 208,O 044, and 
0103 mmol b / g c l a i  (Fig I ) ,  all show the charactenstic fea- 

tures of the unnvl  moiefv the broad white line peaking near 
17178 eV and the shoulder at 417190 e V  (PETIAU et a l ,  
1984 FARGES et a1 1992) Closer inspection shows a subtle 
narrowing 01 the width and apparent decrease in  the height 
of the white line at the two lower loadings This observation 
suggests that the gross features of  the  local structure about 
uranvl will be conserved but that these complexes are not 
identical 

Confirmation of this inrerpretation is g v e n  by the XAFS, 
shown in Fig 2 as the Founer  transform representation 
Founer transfornation produces a (phase-shifted) map of 
electron scattenng density around the  central atoms with 
each shell o f  atoms around the absorber contnbuttng a peak 
tn the transform modulus T h e  peak position is related to 
the distance to neighbonng atoms (R) and the peak amplitude 



3628 C Chisholm-Brause et a1 

eV 

FIG I U LIl&ge spectra for (a) 50 mM aqueous soluuon pH 
2 soh I-) and uranvl sorbed on mon~monlloniie at (b) 0 208 
mmol cia\ (-) (c) 0 044 rnmol clav (- -) and (d) 0 0103 mmol 
cia\ (---I 

is related to the number of neighbonng atoms (A3 and the 
thermal and static disorder ( 0 )  for that shell Hoaeier the 
XAFS due to coordinating atoms with similar bond lengths 
will not be resolved into separate peaks in the Founer trans- 
form representation 

in all the spectra is the 
contnbution from the axial oxvgen atoms (Fig 2) 11s structure 
is essentiallv inbanant yh hich is consistent wth know uranvl 
chemism The next peak around R = 1 9 A is the contn- 
bution from equatonal o\\gen atoms which compnse the 
next nearest neighbor shell ca 0 6 A farther from the U atom 
This peak exhibits a distinct decrease in  amplitude at lower 
U loadings which indicates that the equatonal ligands are 
undergoing some tvpe of change as conditions for uranvl 
sorption onto the cla\ are changed 

To facilitate charactenzation of the equatonal shell the 
XAFS contnbution from the axial oxvpen atoms uas removed 
from the spectrum b) the procedure descnbed in the exper- 
imental section, leaving the XAFS from the remainder of 
the structure (Fig 3) The XAFS from the equatonal oxygen 
shell uas then further isolated by a Founer filtenng step (Fig 
4) At this level changes in both the amplitude and phase 
among the samples are apparent The spectrum of the 
aqueous solution exhibits the largest amplitude the least 
damping of the amplitude mth increasing k and the highest 
frequencv indicating, respectivelq the largest number of at- 
oms the smallest amount of disorder in the equatonal oxygen 
shell and the longest a\crage U-0, distance For the clay 
samples as the U loading decreases, the relative amplitude 
and frequencb of the filtered XAFS decrease (Fig 4) which 
is consistent mth a reduction in the number of equatonal 
atoms and/or an increase in  disorder, and a decrease in the 
U-0, bond length respectivelv 

These interpretations of  the data are corroborated bv the 
curve fitting results (Table 2) For thesample with the highesi 
uranvl loading (0 208 mmol/g) the U-0, bond length is 

The large peak near R = 1 3 

O 2 4 6 8 0  
R (A) 

FIG 2 Founer transform representation of the XAFS for the s.n 
ples in Fig 1 Top to bottom (a) 50 mM aqueous solution )H 
= 1 0  and uranvl sorbed on montmonllonite at (b) 0 208 mmol U/ 
g cia) (c) 0 044 mmol U/g cla\ and (d) 0 0103 mmol U/g cla) 

0 016 A shoner than In the aqueous solution w i t h  further 
reductions of 0 030 and 0 053 A as the loading is reduced by 
factors of 5 and 20 The overall amplitude reflecting both 
the number of atoms and the disorder also decreases mono- 

k(A') 

FIG 3 Residual raw XAFS spectra for the samples in Fig 2 after 
the contnbution from the axial oxygens was subtracted Top to bot 
tom (a) 50 mM aqueous soluuon pH = 2 0 and uranvl sorbed on 
montmonllonite ar (b) 0 208 mrnol U/g cla, (c) 0 044 mmol U/g 
cla) and (d) 0 0103 mmol U/g cla\ 
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-25'  I I I I I 
30 4 0  50  60  7 0  8 0  

k ( A  9 
FIG 4 Cornpanson of the filtered XAFS spectra containing only 

contnbutions from the equatonal oxygen shell for the samples in 
Fig 1 (a) 50 mM aqueous solution pH = 2 0 (-) and uranyl 
sorbed on monimonlloniie at (b) 0 208 mmol U/g ciav (-), (c) 
0 044 mmol U/g clav ( ) and (d) 0 0103 mmol L/g clav (---) 

tomally to about 58% of its value in the solution sample at 
th 

A$ previouslv discussed an increase in disorder affects both 
the amplitude and phase ofthe XAFS The phase ofthe lowest 
coverage sorption sample (0 0103 mmol/g) is reasonablv well- 
fit bv a single coordination shell (not shown) This suggests 
that there is an actual decrease in  the number of  equatonal 
oxygen ligands relative to the aqueous solution However, 
the amount of the amplitude reduction (Table 1) and the 
small discrepancv between the phase of  the fit and that for 
the data is consistent with greater static disorder as well The 
qi ty of the single shell fit is even worse for the 0 208 and 
0 h-4 mmol/g samples, which is indicatwe of even greater 
static disorder in these samples This increased disorder could 
be due to a mixture of  two or more sorption species, each 
having distinct U-0, distances or to large static disorder (U- 
0, distances which vary by r O  1 A) in the equatonal plane 
of a single sorption species 

The curve-fits also reveal some changes in the axial oxygen 
bond length an increase relative to the solution of 0 014 A 
and 0 0 18 .& for the 0 208 mmol/g and 0 044 mmol/g samples, 
re ctively, which returns to the solution value at the lowest 
lodng (0 0103 mmol/g) Although small, these differences 
are within the <O 01 A relative precision of the method sug- 
gesting that they are significant 

)west loading (0 0103 mmol/g) 

DISCUSSION 
The most significant finding from this work is the clear 

demonstration of a change in the local structure about U 
sorbed to rnontrnonllonite as the surface coverage changes 
~pecificallv, as the surface coverage is decreased by a factor 
of from 0 208 to 0 044 rnmol/g, there are fewer oxygen 
I& ids in the equatonal plane at a shorter distance (2 444 A 
vs 2 414 A) As the surface coverage is further decreased to 
00103 mmol/g, the number and distance o f  oxvgen ligands 
in  the equatonal plane about sorbed uranium further de- 

crease The average number and distance of  equatonal oxygen 
atoms for U in the intermediate coverage sample (0044 
mmol/g) are between that seen at higher and lower coverages 
However these results are not simplv a mathematlcal average 
of  the lowest and highest coverage species The axial oxygen 
shell of the 0 044 mmol/g sample is not intermediate between 
that for the 0 0103 and 0 208 mmol/g samples in fact, the 
U-O,, distance is longest at intermediate coverage These re- 
sults suggest that U forms at least three distinct sorption 
complexes on montmonllonite As XAFS provides only av- 
erage structural parameters for sorbed U, it is difficult to as- 
cnbe structures to individual sorption complexes when the 
signal anses from mixtures ofspecies However by accounting 
for changes in both the equatonal and axial oxvgen shells 
about U we can determine the general charactenstics of U 
sorbed on clay at different coverages 

Note that the amplitude of the filtered XAFS function for 
the equatonal shell decreases as the frequencv (1 e ,  U-0, 
disrance) decreases (Fig 4) A decrease in bond length con- 
comitant with a decrease in coordination number is common 
in uranvl coordination chemistrv On the basis of simple bond 
strength calculations (ZACHARIASEU 1976), the bond lengths 
determined i n  this studv mav be used to estimate the average 
equatonal coordination numbers in a manner that is inde- 
pendent of the XAFS determinations Specifically i f  the axial 
o\\gen atoms are not involved in other bonds then the pre- 
dicted equatonal oxvgen coordination number for a U-0, 
distance of 2 39 I A 2 4 14 A and 2 444 A (corresponding to 
the average distance in  the low medium, and high surface 
coverage samples) is .=4 6 5 0 and 5 5 respectivelv (The 
predicted coordination number for the aqueous solution mth 
bo, = 2 460 A is 5 7 near the value (6 0) estimated directly 
from the amplitude of the filtered XAFS function ) These 
coordination numbers are 0 8 1 0 88 and 0 96 times the value 
for aqueous solution This is evidence that the large reductlons 
in amplitude observed in the XAFS (relative amplitudes of 
0 38 0 65 and 0 77, respectivelv) must be in  part due to 
disorder and not solely to a reduction in coordination 
number 

An equatonal coordination number of  five is common for 
uranvl coordinated by monodentate ligands (EVANS 1963) 
The observed disorder may be within the equatonal shell of 
a single species by analogy to numerous uranvl compounds 
wrth five equatonal oxygen atoms at highly vanable U-0,  
distances (e g uranophane, CaU02( H30)2(Si04)2 2H20, 
boltwoodite KU02(H30)Si04,  bequerelite, Ca[(U0&04- 
(0H)J 8H20  billietite, Ba[(U02)604(OH),] 4H20,  and 
protasite Ba[(U02)303(OH),] 3H20  (STOHL and SMITH, 
198 I PAGOAGA et a1 , 1987)) Alternatively, a predicted co- 
ordination number of  about 5 may represent the average 
coordination number for several sorption species with 4, 5, 
and/or 6 equatonal oxygen atoms at distinct U-0, distances 
This latter possibility would also result in an apparent large 
disorder in the equatonal shell as observed in the XAFS 

The predicted equatonal coordination number (=5) and 
the decrease In average U-0,  distance for the two lower cov- 
erage samples suggest that equatonal ligands are lost upon 
sorption of  at least some of the sorbing species at these cov- 
erages relative to uranyl in aqueous solution (Table 2) It is 
likelv that uranyl sorbs to distinct surface sites whose 
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TABLE II 
uranyl in aqueous solution and sorbed on claya 

Structural information for the first-neighbor oxygen shells about 

~ ~ ~-~~~ ~ ~~ 

Axial Shell Equatorial Shell 
Sample N R(A) Nratiob R(A) 

5OmM aq solution, pH=2 0 2 0 1 780 1 00 2 460 
0 208 rnrnole Ulg clay 2 0 1 794 0 77 2 444 
OWmrnole Wgclay 2 0  1798 0 6 5  2 414 

0 0103 mmole U/g clay 2 1 1 781 0 58 2 391 

The U 0 distances are typically accurate to t 0 02 A the precision for closely related structures 

The ratio of the integrated amplitude (I dk N sxp ( 2k2& a! the sample to that of the uranyl 
is < o 01 A The prrcwn of the amplitude IS typlta~~y 15 to 25% 

solution 

properties influence the local coordination about the sorbed 
U Funhermore the surface coverage at which a loss in equa- 
tonal ligands is observed (0 044 mmol/g or - 7% CEC) is 
similar to the coverage (==6-9% CEC) where TSUNASHIMA 
et al ( 198 1) and M E Barr (pen commun 1992) report a 
change in the slope ofa Langmuir-tvpe plot of uranvl sorption 
on montrnonllonite These results suggest that there are at 
least two distinct regions of urantl  sorption on montmonl- 
lonite belou and above = 76 CEC each region being dom- 
inated bv sorption cornpiexes uith different local structures 

The coincidence of a change in slope of the Langmuir- 
tvpe plot of  uran\l sorption and the appearance o f  a neu 
sorption species implies discrete binding energies for these 
two species In general it is assumed that the most reactive 
sites are the first occupied b\ a sorbing species and thus it 

is Ilkel\ that the uranbl complex formed at low coverages is 

taken up b\ a site to which it is tighth bound Funhermore 
the changes in coordination ( I  e loss of one to two coordi 
nating ligands) imph that sorption at the loner coverages IS 

not governed exclusiveh b\ electrostatics but rather that 
specific chemical reactions occur betueen the solution species 
and solid surface upon sorption 

The two genenc tvpes of  sorption sites identified on swelling 
clavs (amphotenc edge sites and fixed-charge sites) probabh 
have different affinit\ for aqueous uran\l and thus we might 
expect uranvl sorbed on these sites to be distinguishable These 
sites each constitute different fractions of the total number 
of available surface sites the pH dependent exchange capan 
of clavs which is an estimate of the number of abailable edge 
sites is generallv about 5- 158 of the total exchange capacitb 
Thus it is possible that the sorption complex that forms up 
to about 7% CEC IS bonding to edge sites of the clay Fur- 
thermore SPoSlTO ( 1984) argues that edge sites on clavs are 
most reactive for sorption 

The proposed existence of a third sorption complex which 
is detectable onlv at low coverages (<O 0103 mmol/g) indi- 
cates that there is another subset of surface sites (which ac- 
count for only a small fraction of the total available sites) 
which are occupied first at the lowest coverages These com- 
plexes mav bond directlv to the clav surface (I e as an inner- 
sphere complex) This specific sorption of uranvl to surface 
sites might allow for ( I f  not require) the loss of equatonal 
ligands 

This interpretation is consistent wth data from ZACHARA 
and MCKINLE’~ (1993) who modeled uranvl sorption to 
montrnonllonite as a combination ofadsorption to three dis- 
crete sites two different amphotenc edge sites and hxed- 

- 

charge sites Sorption to edge sites was dominant at high cc - 
centrations of background electrolvte (I e conditions thdt 

suppressed cation exchange) and at higher pH values (ZA 
C H I ~ R A  and M C K J ~ L E >  1993) I n  our expenments the Ca 
released into solution dunng equilibrat~on of  the cla\ uas - 14- I8 mM and Ca’* has been shown to outcompete uranvl 
for fixed-charge sites on montmonllonite (BOREVEC 198 1, 
TSUZASHIMA et a1 I98  I ) Thus exchange is expected to be 
suppressed for our lower coverage samples uith higher equi 
libnum pH talues In contrast the uranvl solution concen 
tration of t h e  highest coverage sample is much greater t h  1 

that of  Ca and the sorption densin exceeds that estimated 
number of reactive edge sites Thus exchange into the fixed 
charge sites is expected under these expenmental conditions 

The sorption complex that forms at higher co\erages is 
similar to the  aqueous solution species wnich suggests that 
the local coordination sphere for this sorption complex is not 
strongh affected b\ sorption T S U ~ ~ S H I M A  el a1 ( I98 1 ) and 
AMES et al (1982) argue that ion exchange governs uran\l 
sorption onto montmonllonite at these high coverages The 
similantv between the structure of the sorption complex a j 
the aqueous uran\l species is also consistent with exchange 
into the  fixed-charge wes Although mono\alent cations (e g , 
alkali metals) I n  the interlaver of smectites lose pan of their 
pnman hvdration sphere to form inner-sphere bonds at the 
siloxane ditngonal cavities dnalent cations in  general are 
thought to retain their hvdration sphere upon exchange 
(SwsrTo 1984) The hi spacing of clays containing divalent 
cations IS consistent with the presence of a cation surrounded 
bv its pnmary hbdration sphere (SPoSiTo, 1984 MCBRIDE 
1986) ESR studies of  exchanged di\alent cations also de 
onstrate that the\ retain their pnman hvdration sphere upm 
exchange ( H A R S H  and DONER 1984 GOOD MA^ 1986, 
MCBRIDE, 1986) That the apparent amplitude of the filtered 
XAFS function for the equatonal shell is lower than it is for 
the solution sample probablv indicates that the equatonal 
oxygen shell is disroned Note however, that these are air- 
dned samples and this distortion mav be due i n  pan to 
changes associated with drving The similantv of the U-0, 
bond distance and shape of the XAS edge for the 0208 
mmol/g sample and aqueous solution suggests that war 1 
sorbed at high co\erages remains full\ ligated as in aqueoL 5 

solution but that the equatonal shell is distoned 

CONCLUSIONS 

This studv demonstrates that structurall\ distinct U(VI) 
sorption complexes form on montmonllonite as a function 
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of coverage T h a t  the change in the  slope of the Langmuir- 
plot of uranyl uptake and the change in the structure of 

he sorption complex occur at comparable surface coverages 
evidence that energeticallv different sites are involved in 

the rption process This  conclusion IS consistent w t h  lu- 
mlnexence studies that suggest that uranyl bonds t o  several 
dls*qct sites on clays (SUIB and CARRAW, 1985, MORRIS et 
J 1994) The differences between the dominant species at 
57% CEC and those at higher coverages may reflect sorption 
Onto arnphotmc edge stes vs fixedcharge sites, respectively 
The differences in the X A B  results for the two lowcoverage 
s;rmples may also be attnbutable to the existence of two d i c  
tinct sorption complexes on the edge sites However, these 
broad clasSeS may not adequately account for all uranyl sop 
tiop 1 clays Further study is needed to determine i f  uranyl 

directly to the clay surface at low coverages (analogous 
10 sorption on oxides) T h e  evidence presented here also ar- 
gues strongly for the existence of sorption complexes that are 
structurallv distinct from solution species Furthermore the 
uranyl sorption complexes which form at low coverages un- 
der conditions which are more typical of environmental 
problems, are the most distinct from those in aqueous so- 
lution Such results need to be considered in ngorous mod- 
eling of sorption processes 

41 l-d~menir-This work was supponed bv the Subsurface Sci- 
cnc, ~'rogram of the Office of Health and Environmental Research 
Othce of Energy Research of the United States Department of Energy 
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